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The phosphoprotein (P) of human parainfluenza virus type 3 (HPIV 3) plays a central role in the viral genome RNA
transcription and replication. It acts as an essential cofactor of the RNA polymerase (L) by forming a functional L-P complex,
binds to the genomic N-RNA template to recruit the L-P complex for RNA synthesis, and interacts with the nucleocapsid
protein (N) to form the encapsidation complex (N-P). We have earlier demonstrated that the P protein forms oligomers (B. P.
De, M. A. Hoffman, S. Choudhary, C. C. Huntley, and A. K. Banerjee, 2000, J. Virol. 74, 5886–5895) and in this article we
identified the putative oligomerization domain of the P protein and studied the role of this domain in transcription. By
computer analyses, we have localized a high-score coiled-coil motif characteristic of oligomerization domain residing
between the amino acid residues 423 and 457 of the P protein. Deletion of 12 amino acid residues within this coiled-coil motif
(P439–450) completely abrogated oligomerization, whereas deletion in other regions outside the motif had no significant
effect. The mutant P439–450 was both defective in mRNA synthesis in vitro and minigenome transcription in vivo.
Interestingly, the mutant interacted with L to form L-P complex, albeit less efficiently, while its interaction with N protein to
form N-P complex and with N-RNA template was similar to the wt P protein. Our results indicate that oligomerization providesINTRODUCTION
Human parainfluenza virus type 3 (HPIV 3), a
paramyxovirus, is second only to respiratory syncytial
virus in causing serious respiratory illness such as bron-
chiolitis, pneumonia, and croup in newborns and infants
(Collins et al., 1996; Lamb and Kolakofsky, 1996). The
nonsegmented negative-strand RNA genome of HPIV 3
is 15,462 nucleotides long and is tightly encapsidated by
the nucleocapsid protein N (68 kDa) to form a helical
nucleocapsid, i.e., the N-RNA complex (Banerjee et al.,
1991; Galinski and Wechster, 1990; Galinski, 1991). The
N-RNA serves as template for the synthesis of mRNAs
during transcription and for the synthesis of full-length
copy of the genome RNA during replication. The RNA-
dependent RNA polymerase complex, composed of the
virus-encoded large protein (L) (255 kDa) and phospho-
protein (P) (90 kDa), is believed to be involved in both
transcription and replication (Banerjee, 1987; Banerjee et
al., 1991). During transcription, the functional L-P com-
plex in the presence of cellular actin synthesizes six
capped and polyadenylated mRNAs encoding the viral
structural proteins (Banerjee et al., 1991). However, dur-
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dressed at Department of Virology, Lerner Research Institute, The373ing replication, the L-P complex in the presence of en-
capsidation complex N-P and possibly requiring host
factor(s) synthesizes an antigenome N-RNA intermedi-
ate, which in turn serves as the template for more minus-
sense N-RNAs, which are subsequently packaged into
progeny virions. The L protein possesses an RNA-depen-
dent RNA polymerase activity that is manifested only
upon the efficient formation of the L-P complex and
subsequent binding to the N-RNA template for initiation
of RNA synthesis (Banerjee et al., 1991; Collins et al.,
1996). A regulated interaction between the L-P and N-P
complexes with the template would therefore determine
the ability of the RNA polymerase to transcribe or repli-
cate. However, the precise mechanism by which the P
protein provides such multiple functions in transcription
and replication remains poorly understood.
The P mRNA of HPIV 3, similar to other paramyxovi-
ruses, also encodes multiple proteins (Luk et al., 1986;
Banerjee et al., 1991; Galinski, 1991; Lamb and Kolakof-
sky, 1996), a basic protein designated C by translation
from 1 open reading frame, and a protein designated
P-D by an RNA editing mechanism (Galinski et al., 1992).
The functions of these proteins in transcription and rep-
lication and their interactions, if any, with L, P, and N
during the HPIV 3 life cycle remain unknown. In the case
of Sendai virus, the P mRNA-derived proteins V, W, and Ca key function to the P protein in the transcription of HPIV
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appear to act as negative regulators of transcription and
replication (Curran et al., 1991, 1992). The Sendai virus C
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protein was shown to interact with the L protein to inhibit
transcription, and the site(s) of interaction within the L
protein appears to be different from the site(s) of inter-
action of the P protein (Horikami et al., 1997).
Recently, we have identified the domains of HPIV 3 P
protein involved in the interaction with soluble N protein
(N-P complex) and the N-RNA template (De et al., 2000).
These results have demonstrated that NH2-terminal 40
amino acid region is involved in the interaction with N
protein to form soluble N-P complex, whereas the
COOH-terminal 20 amino acid region is involved in the
interaction with the N-RNA template. Thus, the terminal
domains of P are likely to be involved in the regulation of
transcription and replication by mediating the interaction
of L to the N-RNA for RNA synthesis and by maintaining
the N in an encapsidation-competent form (N-P com-
plex), respectively. We have also shown that the HPIV 3
P protein undergoes oligomerization and stoichiometric
amounts of P are required in both transcription and
replication (De et al., 2000). Studies aimed at elucidating
the oligomeric nature of the paramyxovirus P proteins
was initiated by Markwell and Fox (1980), who examined
Sendai virion proteins by cross-linking studies and two-
dimensional SDS–PAGE analysis and concluded that the
P protein exists as a homotrimer. In earlier studies using
an epitope dilution assay the Sendai virus P protein was
found to exist as a homotrimer and this observation was
further extended to the P proteins of mumps virus, New-
castle disease virus (NDV), and human parainfluenza
virus type 2 (HPIV 2) (Curran et al., 1995). The region
responsible for the Sendai virus P protein oligomeriza-
tion has been localized between amino acid residues
344 and 411, consistent with the computer analysis which
revealed the presence of a coiled-coil motif within that
domain (Curran et al., 1995). It was further shown that the
presence of the coiled-coil domain is sufficient for oli-
gomerization, which was thought to be a trimer and is
essential for transcription and replication (Curran, 1996,
1998). More recently, however, using several biochemical
and biophysical techniques including high-resolution X-
ray, the Sendai virus P protein oligomerization domain
was reinterpreted to form a homotetrameric coiled-coil
structure. Each monomer within the tetramer is com-
posed of three short NH2-terminal helices and a long
COOH-terminal helix. Based on these results, it was
suggested that the tetrameric structure is highly stable
and plays a vital function both in transcription and in
replication of the viral genome RNA (Tarbouriech et al.,
2000a,b).
To gain insight into the mode of action of HPIV 3 P
protein in transcription, we have mapped the oligomer-
ization domain within the P protein. Our results demon-
strate that this domain is essential for transcription. In-
terestingly, P protein lacking the critical oligomerization
domain interacted with L to form L-P complex, with N to
form N-P complex, and also with the N-RNA template,
suggesting an unique requirement of oligomerization of
P protein in RNA synthesis.
RESULTS
Prediction of oligomerization domain near the
COOH-terminal region of the HPIV3 P protein
by computer analysis
We recently reported that HPIV 3 P protein formed
oligomers using co-immunoprecipitation and glycerol
gradient centrifugation experiments and further demon-
strated that the P protein is required in stoichiometric
amounts in transcription and replication (De and Baner-
jee, 1985; De et al., 2000). Our data suggested that the
oligomeric P protein is likely to be involved in the inter-
action with the RNA polymerase complex to synthesize
RNA during transcription and replication. Based on ear-
lier reports that oligomerization of the P proteins of
paramyxoviruses occur via a coiled-coil motif (Curran et
al., 1995), we analyzed the HPIV 3 P protein sequence for
the presence of such motif using the COILED program,
as described by Lupas et al. (1991, 1995). The computer
analysis revealed the presence of two coiled-coil motifs
within the HPIV 3 P protein. A high probability score
coiled-coil motif was found between the amino acid
residues 423 and 457, while another motif of low score
resided between the amino acid residues 346 and 373
(Fig. 1). The presence of these motifs indicated that the
HPIV 3 P protein, similar to other paramyxovirus P pro-
teins (Curran et al., 1995), has the propensity to oligomer-
ize. We, therefore, focused our effort toward characteriz-
ing the role of the coiled-coil motif in the oligomerization
FIG. 1. Computer analysis of HPIV 3 P protein. COILS 2 program was
used to determine the potential coiled-coil domain of the P protein. The
graph displays the probability of coiled-coil formation as a function of
residue number with a 14 residue scanning window. The amino acid
residues within the coiled-coil domain of HPIV 3 P protein that were
deleted are shown in the box.
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of the P protein by primarily concentrating on the high-
score motif present between the amino acid residues
423 and 457.
Mapping of the oligomerization domain of the
P protein
The wt P protein with a FLAG epitope at the COOH-
terminus (Pf) was coexpressed with 10-fold excess of
untagged mutant P proteins harboring deletions at the
NH2- and COOH-termini using the recombinant vaccinia
virus expression system. The proteins were metaboli-
cally labeled with [35S]methionine and immune co-
selected from the cell extract using anti-FLAG antibody.
As shown in Fig. 2A, two mutants, namely, PN250 and
PC100, coprecipitated with Pf as a complex. Phosphor-
Imager analysis of the immunoprecipitated radioactive
protein bands showed two PN250 and two PC100
were present per Pf, apparently suggesting that these
mutant P proteins formed trimers with the wt P protein
(see Discussion below). In contrast, the mutant PC200
failed to coprecipitate with Pf. Western blot analysis of
the wt and mutant P proteins showed normal expression
levels (Fig. 2B). These results are consistent with the
computer prediction of an oligomerization domain within
the P protein located between the C-terminal 100 and
200 amino acid residues, i.e., the amino acid residues
403–503 of the HPIV 3 P protein. To investigate the role
of the coiled-coil motif in the P protein oligomerization,
first, we produced an internal deletion mutant, P439-
450, and two other mutants, namely, P267-354 and
P299-354, deleted internally within a region outside the
coiled-coil motif. The mutants P439-450, P267-354,
and P299-354 were FLAG-tagged at the COOH-termi-
nus and analyzed for their ability to oligomerize using
excess of untagged wt P protein. As shown in Fig. 3 A,
the mutants P267–354 and P299–354 immunoprecipi-
tated the untagged wt P efficiently, suggesting that these
mutants efficiently formed oligomeric complexes. On the
other hand, the mutant Pf439–450 (which migrates at
the same position as the wt P protein) failed to form an
oligomer with the untagged wt P protein as indicated by
no increase in radioactivity (compare lanes Pf439-450
and PwtPf439-450). However, Western blot analyses
(Fig. 3B) clearly showed an increase in band intensity for
PfwtPf439-450 as compared to Pf439-450 alone,
confirming that both proteins were expressed. These
results indicate that a stretch of 12 amino acid residues
at a position 439–450 within the high score coiled-coil
region 423–457 of the HPIV 3 P protein play an important
role in the P protein oligomerization. It is important to
note that this domain is a part of the entire coiled-coil
region that falls within the high scoring peak (Fig. 1).
Since removal of this domain abrogated oligomerization,
we did not carry out additional deletions within the 423–
457 domain and focused primarily on the mutant P439-
450.
Role of oligomerization in transcription
The role of oligomerization in P protein’s function in
transcription was then studied by employing the previ-
ously described in vitro transcription (De et al., 2000) and
in vivo minigenome replicon systems (Hoffman and Ban-
erjee, 2000). HeLa cell extracts coexpressing excess of L
protein and the mutant P439–450 was directly used in
an in vitro transcription reaction containing purified N-
RNA template in the presence of [32P]UTP. The radiola-
beled RNA products synthesized in vitro were then ana-
lyzed by electrophoresis on a 5% polyacrylamide urea
gel followed by autoradiography. As shown in Fig. 4A, a
basal level of RNA synthesis was observed in the control
cell extract usually due to the presence of a trace amount
of L and P proteins still associated with the N-RNA
template. The addition of a cell extract from cells coex-
pressing excess L and wt P protein to the purified N-RNA
template efficiently synthesized RNA. However, the cell
extracts containing the coexpressed L protein and the
mutant P439-450 failed completely to synthesize RNA
from the N-RNA template. Interestingly, the deletion mu-
tants P267-354 and P299-354, used as controls, ex-
FIG. 2. Analysis of P protein oligomerization site. Mutant P proteins
as indicated were coexpressed with wt P f protein in a recombinant
vaccinia expression system. The ratio of P mutant DNA was 10-fold
more than wt P protein. The cells were labeled with [35S]methionine
and coexpressed proteins were immunoprecipitated using FLAG-spe-
cific antibody (A) Western blot analysis (B) of the cell extract using
anti-RNP rabbit polyclonal antibody that recognizes the HPIV3 N and P
proteins. The position of wt and mutant P proteins are shown by
arrows.
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hibited RNA synthesizing activities comparable to the wt
P protein, suggesting that the deleted regions within the
P protein are dispensable for P function. All the P pro-
teins were expressed efficiently under these conditions,
as determined by Western blot analysis (Fig. 4B). These
results indicated that oligomerization of P is mediated via
the coiled-coil domain and plays an important role in
transcription reaction.
The role of oligomerization in transcription was further
investigated using the minigenome replicon system
described earlier (Hoffman and Banerjee, 2000). HeLa
cells were transfected with the minireplicon plasmid
pHPIV3MG, the support plasmids N, L, and either wt or
mutant P plasmids. The expression of luciferase reporter
gene from the minireplicon was measured by the enzy-
matic activity of luciferase in the cell extracts. As a
control, transfection was carried out with all the plasmids
except L. As shown in Fig. 5, expression of luciferase
reporter gene was readily discernible in cell extracts
containing N, wt P, and L protein but not in the control
cell extract. In contrast, the cell extracts containing N, L,
and P439–450 did not exhibit any luciferase activity,
indicating that the transcription of the minigenome was
directly dependent on the oligomerization of the P pro-
tein. The effect was specific as the two other mutant P
proteins, P267-354 and P299-354, were as active as
the wt P protein in transcribing the minigenome.
Role of P oligomerization in the formation of L-P and
N-P complexes and in binding to the N-RNA template
Finally, we investigated whether oligomerization of P
played a role in its interaction with L to form L-P complex,
with N to form N-P complex, and with N-RNA template to
support RNA synthesis. L-P complex formation between
the mutant P proteins and L was studied by coexpress-
ing the mutant P proteins and L followed by metabolic
labeling with [35S]methionine and immunoprecipitation
with anti-FLAG antibody. As shown in Fig. 6A, the mu-
tants P267-354, P299-354, and the wt P protein effi-
ciently immunoprecipitated the L protein. The mutant
P439-450, on the other hand, bound to the L protein,
albeit less efficiently. Based on the PhosphorImager
analyses of the ratio of L protein bound to wt and mutant
P proteins, it appears approximately 40% L protein was
complexed with P439-450. Thus it seems that oligomer-
ization of P protein may not be absolutely necessary in
its interaction with L protein.
The role of P protein oligomerization in the formation
of encapsidation complex, N-P, was then studied by
glycerol gradient analysis (Fig. 7). The N, wt P, and the
mutant P439-450 were expressed alone and in combi-
nation with untagged N protein and cell extracts pre-
pared after metabolic labeling with [35S]methionine were
analyzed by centrifugation through a 5–20% glycerol gra-
dient. Fractions were collected from the top of the gra-
dient and aliquots analyzed on 10% SDS–PAGE followed
by Western blot using anti-RNP antibody. As shown in
Fig. 7A, the N protein alone sedimented at the bottom of
the gradient due to its nonspecific interaction with cel-
lular RNAs (Masters and Banerjee, 1988). The wt P pro-
tein sediments in the middle of the gradient (fractions 7
to 10) (data not shown), indicating its oligomeric nature
consistent with our previous findings (De et al., 2000).
The mutant, P439-450, however, sedimented near the
FIG. 3. Localization of the P protein oligomerization domain. Mutant P proteins Pf439–450, Pf299–354, and Pf267–354 as indicated were
coexpressed with 10 molar excess of the wt P protein in a recombinant vaccinia expression system. The coexpressed proteins were immunopre-
cipitated with FLAG-specific antibodies and analyzed in SDS–PAGE followed by fluorography. The positions of the P protein are indicated by arrows.
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top of the gradient (fractions 4 to 7), slower than the wt P
possibly due to its failure to form a higher order oligomer
(Fig. 7B). When the wt P and the mutant P439-450 were
coexpressed with the N protein and analyzed on the
gradient, both wt P and the mutant P439-450 formed a
complex with the N protein and sedimented toward the
bottom half of the gradient (Figs. 7C and 7D). We carried
out immunoprecipitation using anti-FLAG antibody fol-
lowed by SDS–PAGE to determine an approximate stoi-
chiometry of the complex by phosphorImager analyses.
Analysis of the gradient fractions representing the P-N
complex (separated from free P oligomers) showed that
about eight wt P were present per N, whereas, about four
P439-450 were present per N (data not shown). These
results suggest that oligomerization of P did not play a
significant role in its interaction with the N protein to form
a soluble N-P complex.
Finally, to investigate whether multimerization played a
role in the binding of the P protein to N-RNA template, we
carried out in vitro template-binding assay. The wt P
protein and the mutant P439-450 were translated in an
in vitro transcription-translation coupled system in the
presence of [35S]methionine and equal amounts of the
labeled proteins were incubated with purified N-RNA
template followed by centrifugation through a glycerol
cushion. The pellet containing radiolabeled proteins
complexed to N-RNA template was analyzed on SDS–
PAGE followed by fluorography and quantitation by Phos-
phorImager. As shown in Fig. 8, both wt P and mutant
P439-450 bound the N-RNA template at a similar level,
indicating that multimerization also had minimal effect on
the binding of P to the N-RNA template.
DISCUSSION
The P proteins of nonsegmented negative-strand RNA
viruses provide three important functions during RNA
synthesis, namely, (i) to interact with the L protein to form
the functional RNA polymerase holoenzyme complex; (ii)
to interact with the N protein to package the nascent
RNA during genome replication; and (iii) to interact with
FIG. 4. Functional analysis of P oligomerization mutants using in vitro
transcription assay. Mutant P proteins as indicated were coexpressed
with L protein in a recombinant vaccinia virus expression system. (A)
Cell extracts (total protein 6 g) containing the coexpressed P and L
proteins were used in transcription reaction containing N-RNA tem-
plate in the presence of [32P]UTP. The mRNA products were analyzed in
a 5% polyacrylamide urea gel. (B) Western blot of the cell extracts using
anti-RNP rabbit polyclonal antibodies. The positions of wt and mutant P
proteins are indicated by arrows.
FIG. 5. Functional analysis of mutant P proteins using luciferase
assay. HeLa cells were infected with the recombinant vaccinia virus
expressing T7 RNA polymerase. After 1 h of infection, cells were
transfected with the minigenome plasmid pHPIV3-MG() containing
luciferase gene under viral promoter along with support plasmids
encoding N, P, and L proteins. Cell lysates were prepared 30 h post-
transfection and assayed for luciferase activity. Results are shown as
average of three independent experiments.
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the N-RNA template to promote elongation of RNA
chains. The regions on the P protein involved in these
interactions have recently been characterized in
paramyxoviruses. The L and N-RNA binding domains of
the P protein reside at the COOH-terminal end of the
protein, whereas the N-binding domain lies at the NH2-
terminal domain (Curran et al., 1995; Curran, 1996, 1998;
De et al., 2000). Another interesting property reported for
the P proteins of the nonsegmented negative-strand RNA
viruses is their propensity to oligomerize (Gao and Le-
nard, 1995; Gao et al., 1996; Das et al., 1995), an obser-
vation first demonstrated in Sendai virus P protein (Mark-
well and Fox, 1980). Subsequent studies uncovered the
presence of an oligomerization domain with a coiled-coil
motif being responsible for this property and these ob-
servations were extended for a number of P proteins
including the P protein of the human parainfluenza virus
type 3 (Curran et al., 1995). Recently, biochemical and
X-ray studies of the bacterially expressed Sendai virus P
protein indicated a tetrameric structure of P protein with
hydrophobic heptad repeats (Tarbouriech et al., 2000a,b).
Furthermore, it was shown that deletion of the putative
oligomerization domain of Sendai P protein (residues
344–411) resulted in the inhibition of transcription and
replication of the genome RNA (Curran, 1996, 1998).
Based on our earlier observations of oligomeric nature
of the HPIV 3 P protein (De et al., 2000), we wanted to
locate the oligomerization domain within the P protein.
By computer analysis, the oligomerization domain (rep-
resented as high-score coiled-coil motif) was localized
between the amino acid residues 423 and 457 of the
HPIV 3 P protein (Fig. 1). Deletion of 12 amino acid
stretch within the oligomerization domain led to com-
plete loss of oligomerization of the P protein (Fig. 3), and
its transcriptive function (Figs. 4 and 5), whereas deletion
of amino acid residues outside the high-score coiled-coil
domain did not adversely affect both these properties
(Figs. 3, 4, and 5). It should be noted that in our studies
that we have not systematically deleted overlapping
stretches of amino acid residues within this domain or
completely eliminated the entire putative oligomerization
domain. Since deletion of 12 amino acid residues totally
disrupted oligomerization and its ability to transcribe,
these observations were compelling to conclude that
this domain is indeed responsible for oligomerization.
The putative oligomerization domain of HPIV 3 P protein
overlaps significantly with the corresponding domain in
Sendai virus P protein and is characteristically high in
helical content that is predicted to form coiled-coil struc-
tures. Interestingly, a 28 amino acid stretch (of a total of
34) of this domain matches in helical content with the
corresponding Sendai virus P protein putative oligomer-
ization domain (41 amino acid stretch, residues 381–420)
(Tarbouriech et al., 2000a) and maps within the helix D
(Tarbouriech et al., 2000b).
Our results using immunoprecipitation of wt P and
mutant P protein consistently showed a trimeric nature of
the P protein (Fig. 3). However, it should be noted that the
method employed does not provide an accurate deter-
mination of the oligomeric state of the P protein in terms
FIG. 6. Comparative analysis of mutant P proteins binding to L protein. The FLAG-tagged mutant P proteins were coexpressed with L plasmid in
10 molar excess. The cells were metabolically labeled with [35S]methionine and coexpressed proteins were immunoprecipitated with anti-FLAG
antibody and analyzed on SDS–PAGE followed by fluorography. The positions of the L and P proteins are indicated.
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of stoichiometry. Clearly, high-resolution X-ray study, sim-
ilar to that carried out recently for Sendai virus P protein
(Tarbouriech et al., 2000b), would be necessary to deter-
mine the precise oligomeric state of the HPIV 3 P protein.
Another interesting observation from our studies is our
finding that the mutant P439-450 interacted with the L
protein to form a L-P439-450 complex, albeit ineffi-
ciently. Since this apparent L-P439-450 complex is tran-
scriptionally defective (Figs. 4 and 5), it is not clear
whether this interaction is normal. On the other hand,
interaction with the N protein to form N-P complex and
the N-RNA template seems to be fairly effective (Figs. 7
and 8). These results suggest that these interactive pro-
cesses are possibly independent of P protein oligomer-
ization. Given the presence of N-RNA template-binding
site at the COOH-terminal 20 amino acid region of the P
protein (De et al., 2000), it is possible that the P protein
lacking oligomerization domain may bind to the template
FIG. 7. Glycerol gradient analysis of N-P encapsidation complex. The wt and mutant P proteins were coexpressed individually or with N protein
in HeLa cells using the recombinant vaccinia virus expression system as described under Materials and Methods. Twenty-four hours postinfection
cell extracts were prepared and proteins were subjected to 5–20% glycerol gradient centrifugation. The proteins from each fraction, as indicated, were
resolved onto 10% SDS–PAGE analysis followed by Western blot using anti-RNP rabbit polyclonal antibody. The positions of the wt, mutant P proteins,
and N protein are marked.
FIG. 8. Comparative analysis of template binding of wt and mutant P
protein with N-RNA template. The wt and mutant P protein were
translated in vitro using the transcription-translation system in the
presence of [35S]methionine. Equal amounts of the labeled proteins
were incubated with N-RNA template followed by centrifugation
through glycerol gradient as detailed under Materials and Methods.
The pellet containing 35S-labeled proteins in complex with N-RNA were
analyzed in SDS–PAGE analysis followed by fluorography.
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possibly as a monomer. Similarly, the NH2-terminal do-
main of P protein, comprising the N protein binding site,
remains intact in the mutant P439-450, allowing the N
protein to interact with multiple P monomers (Fig. 7).
Except for interaction of tetrameric wt P with the L (pos-
sibly a monomer) (Tarbouriech et al., 2000b), the precise
stoichiometry of the P with N or N-RNA complex is not
clearly defined. Thus, the observed interaction with the
mutant P (monomer) with L, N, and N-RNA template may
be biochemically nonfunctional. Alternatively, it is possi-
ble that the L protein binds to the mutant P439-450 and
is only capable of initiating RNA chains but for the RNA
chain elongation to occur oligomeric P is required. In fact
the P protein has been proposed to possess a supple-
mentary function in RNA synthesis by which it “cart-
wheels” over the N-RNA template (Curran, 1996, 1998)
and is required in a stoichiometric amount (De and
Banerjee, 1985; De et al., 2000). Experiments are in
progress to probe into this possibility. Thus, the results
presented in this article support the contention that the
HPIV 3 P protein exists in an oligomeric complex medi-
ated by a coiled-coil oligomerization domain (residues
423–457), which is necessary to form a functional ho-
loenzyme with the L protein to transcribe the genome
RNA. It is, however, possible that deletion of these 12
amino acids could remove a portion of P protein needed
for both oligomer formation and RNA synthesis without
one depending on the other. Detailed mutational analy-
ses within the coiled-coil domain would be needed to
gain insight in directly linking oligomerization with RNA
synthesis.
MATERIALS AND METHODS
Cells and viruses
The HPIV3 (HA-1, NIH 47885) was propagated in CV-1
cells as described previously (De et al., 1991, 1993).
Recombinant vaccinia virus, expressing T7 RNA poly-
merase (vTF7-3), was grown in HeLa cells.
In vitro transcription
HeLa cells in six-well plates were infected with vTF7-3
at a multiplicity of infection (m.o.i.) of 3. At 1 h postinfec-
tion, culture medium was replaced with a transfection
mix containing 20 l Lipofectin (Gibco-BRL, MD) com-
bined with various plasmid DNAs in Opti-MEM (Gibco-
BRL) in a total volume of 1.5 ml. Unless otherwise indi-
cated, the plasmids pHPIV3-P (pP) having the initiation
codon for C protein mutated and pHPIV3-L (pL), both
under the control of T7 promoter in pGEM vector, were
used at 2 g and 200 ng per well, respectively. At 5 h
postinfection, the medium containing transfection mix
was replaced with DMEM containing 10% fetal bovine
serum. At 24 h postinfection, the cell monolayers were
washed with ice-cold PBS and harvested by scraping in
PBS. The cells were pelleted by centrifugation at 800 g
for 10 min. Cytoplasmic extracts were prepared by lysing
the cells in three cycles of freezing and thawing in 40 l
of hypotonic buffer containing 10 mM Tris–HCl (pH 8.0),
10 mM NaCl, and 1 mM DTT. Nuclei and cell debris were
removed by centrifugation for 5 min in an Eppendorf
centrifuge at 4°C. The soluble cytoplasmic extract was
collected for use in the transcription reaction. Protein
concentration was estimated as 5 mg/ml.
N-RNA templates were prepared from HPIV 3-infected
CV-1 cells (1  108) following the procedure of Curran et
al. (1994) with some modifications. Briefly, the cells were
harvested in PBS and resuspended in 5 ml of buffer
containing 50 mM Tris–HCl (pH 8.0), 0.15 M NaCl, 0.6%
NP-40, 1% Triton X-100, and 1 mM DTT. The cells were
lysed by vortexing and nuclei and cell membranes were
removed by centrifugation at 10,000 g for 5 min. The cell
extract was made 6 mM in EDTA and layered onto a
20–40% CsCl (wt/wt) gradient and centrifuged at 38,000 g
for 2 h at 12°C using SW41 rotor. The visible N-RNA band
was collected and repurified using the CsCl gradient.
Finally the N-RNA was sedimented through 40% glycerol
in 50 mM HEPES–KOH (pH 8.0), 50 mM NaCl, 0.2%
NP-40, and 1 mM DTT onto a 100 l cushion of 100%
glycerol and stored in liquid nitrogen.
In vitro transcription reaction was performed in a 50 l
total volume essentially as described previously (De et
al., 1991). The reaction mixture contained 100 mM
HEPES–KOH (pH 8.0), 100 mM KCl, 5 mM MgCl2, 1 mM
DTT, 1 mM each ATP, GTP, and CTP, 10 M UTP, 20 Ci
[-32P]UTP, 25 U of human placental RNase inhibitor, 5
g/ml actinomycin D, 2 g of N-RNA, and unless other-
wise stated, 10 g of cell extract containing coexpressed
L and P proteins.
In vivo minigenome replication
The in vivo minigenome replication was studied fol-
lowing the procedure of Hoffman and Banerjee (2000).
Briefly, HeLa cell monolayers in 12-well plates, grown to
90% confluency, were infected with recombinant vaccinia
virus vTF7-3 expressing T7 RNA polymerase, at an m.o.i.
of 3. After 1 h at 37°C the minireplicon, pHPIV3-MG(),
and support plasmids pHPIV3-P (pP), pHPIV3-L (pL), and
pHPIV3-N (pN) were transfected using Lipofectin (Gibco-
BRL) according to the manufacturer’s instructions. The
plasmid amounts used were as follows: 200 ng pHPIV3-
MG(), 640 ng pN, 700 ng pP, and 100 ng pL. After 4 h the
transfection medium was removed and replaced with 1
ml Dulbecco’s modified Eagle’s medium–5% fetal calf
serum. At 28 h posttransfection the monolayers were
lysed in 150 l lysis buffer from which 1.5 l lysate
(equivalent to 2.3  103 cells) were then used to deter-
mine luciferase activity in a Dynatech ML2250 luminom-
eter according to manufacturer’s specifications (Lucif-
erase Assay Kit, Roche Biochemicals, IN).
380 CHOUDHARY ET AL.
N-RNA binding assay
Binding of wt and mutant P protein to the N-RNA
template was performed using in vitro reticulocyte ly-
sate-translated and [35S]methionine-labeled P proteins.
The wt and mutant P proteins (P439-450) were trans-
lated in an in vitro transcription-translation coupled sys-
tem (Promega, WI) using [35S]methionine as the labeled
precursor following the manufacturer’s protocol, as de-
scribed previously (De et al., 2000). The in vitro synthe-
sized P proteins were clarified by layering onto 40%
glycerol (700 l total volume) in 50 mM HEPES–KOH (pH
8.0), 50 mM NaCl, and 1 mM DTT and by centrifugation
at 45, 000 rpm for 1 h using microcentrifuge tubes in
SW50.1 rotor. The clarified P from the top of the glycerol
cushion was analyzed in SDS–polyacrylamide gel and
quantitated by PhosphorImager. Equal amounts of radio-
labeled P were incubated with 5 g of purified N-RNA in
100 mM HEPES–KOH (pH 8.0), 100 mM KCl, 5 mMMgCl2,
and 1 mM DTT at 30°C for 1 h. The reaction mixture was
then layered onto a 40% glycerol cushion and centrifuged
as described above. The N-RNA and P protein complex
was directly dissolved in SDS–polyacrylamide gel sam-
ple buffer and analyzed. The recovery of N-RNA was
confirmed by staining with Coomassie blue followed by
fluorography.
Glycerol gradient analysis
HeLa cell monolayers in 100-mm plates were infected
with vTF7-3 at an m.o.i. of 3, and at 1 h postinfection the
cells were transfected with N and wt or mutant P ex-
pressing plasmid DNAs, 5 and 10 g, respectively. At
24 h postinfection, the cells were harvested in PBS and
resuspended in 20 ml of hypotonic buffer containing 10
mM Tris–HCl (pH 8.0), 10 mM NaCl, and 1 mM DTT. The
cells were lysed by four cycles of freezing and thawing,
and nuclei and cell debris were removed by centrifuga-
tion in an Eppendorf centrifuge for 5 min at 4°C. Extracts
were layered onto linear 5 to 20% glycerol gradients
prepared in buffer containing 100 mM HEPES–KOH (pH
8.0), 150 mM NH4Cl, 5 mM Mg–acetate, and 1 mM DTT
and containing a 100 l cushion of 100% glycerol, as
described by De et al. (2000). Gradients were centrifuged
in a SW60 rotor at 40,000 rpm for 20 h at 4°C. Gradient
fractions (300 l) were collected from the top of the tube
and 10 l aliquots were analyzed in 10% SDS–PAGE
followed by Western blot using anti-RNP antibody and
detection of the proteins by ECL following the manufac-
turer’s protocol (Amersham Pharmacia, U.K.).
Coexpression and immunoprecipitation of proteins
HeLa cells in 12-well plates were infected with vTF7-3
at an m.o.i. of 1. At 1 h postinfection, the cells were
transfected with plasmid DNAs expressing L or P pro-
teins containing a stretch of eight amino acids FLAG tag
(DYKDDDDK) at the COOH-terminus in combination with
untagged P or N protein using Lipofectin (Gibco-BRL) in
Opti-MEM (Gibco-BRL). At 12 h postinfection, the me-
dium was replaced with 2 ml methionine-free DMEM and
incubation continued at 37°C. At 14 h postinfection, the
cells were labeled with 50 Ci of [35S]methionine (NEN,
MA) in 1 ml methionine-free DMEM for 6 h. Cells were
washed with PBS and cytoplasmic proteins were ex-
tracted by treating with 150 l of luciferase extraction
buffer (Roche Biochemicals) for 12 min. An aliquot (50 l)
was diluted with 750 l of immunoprecipitation buffer
and used for immunoprecipitation with anti-FLAG anti-
body conjugated to Sepharose beads following the man-
ufacturer’s protocol (Sigma, MO). For immunoprecipita-
tion with monoclonal anti-N antibody or anti-HPIV 3 an-
tibody (a generous gift of Ranjit Ray, St. Louis University,
MO), the precipitation reaction was carried out in buffer
containing 25 mM Tris–HCl (pH 7.5), 50 mM NaCl, 2 mM
EDTA, and 5% sucrose using Protein A conjugated
Sepharose beads. The immunoprecipitated proteins in
the beads were boiled in SDS–polyacrylamide gel sam-
ple buffer and analyzed in 10% SDS–PAGE. The gel was
stained with Coomassie blue, dried, and subjected to
fluorography.
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